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Little Higgs Models

• Brief reviews of Little Higgs (LH): 

Collective Symmetry Breaking (CSB): If g1 = 0 or g2 = 0, Higgs is Goldstone Boson. 

Solve Hierarchy Problem Radiative Symmetry Breaking(RSB)

Quadratic divergence from SM particles in 
the Higgs loop are cancelled by heavy 

particles with same spin. 

V = m
2|H|2 + λ|H|4

If Higgs potential is purely radiative, expect

Even with heavy top partner contribution:

Higgs mass  still too BIG!
Typically, LH models introduce new operators by hand.

How to generate the light Higgs mass naturally?
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where the mixing angle s is s = g2√
g2
1+g2

2

and s′ = g2√
g2
1+g2

2

while c =
√

1 − s2

and c′ =
√

1 − s′2. The two massless eigenstates, WL and BL are identified as
the weak gauge bosons in the SM. The two massive eigenstates, WH and BH , are
the additional gauge bosons having masses of the order of f . The gauge coupling
constants of the unbroken subgroup, SU(2)L and U(1)Y , are given by,

g =
g1g2

√

g2
1 + g2

2

, g′ =
g′1g

′
2

√

g′21 + g′22
. (19)

The quartic couplings of the Higgs boson to the gauge bosons arise from the
next-to-leading order terms in the expansion in Eq. (3),

LΣ →
1

2
Tr

∣

∣

∣

∣

∑

j=1,2

[

gjWj(QjΠΣ0 + ΠΣ0Q
T
j ) + g′jBj(YjΠΣ0 + ΠΣ0Y

T
j )

]∣

∣

∣

∣

2

(20)

→
1

4
(g1g2W1W2 + g′1g

′
2B1B2)H

†H + ...

=
1

4

[

g2(WLWL − WHWH) + g′2(BLBL − BHBH)

]

H†H + .....

Thus the quartic couplings H†HWLWL and H†HWHWH are of equal magnitude
but opposite signs. The opposite signs come about because the WL and WH gauge
bosons are orthogonal to each other. The cancellation of quadratic divergences
among diagrams shown in Fig. 1 at one loop thus ensues.

In the fermion sector, to cancel the top loop contribution to the radiative cor-
rections to the Higgs boson mass, one needs to introduce a vector-like pair of the
color triplet and iso-singlet heavy tops, t̃ and t̃′. The field t̃ then form a triplet,
together with (b t), under the SU(3)1 global symmetry, χT = (b t T ). The Yukawa
interactions take the following form,

LY uk =
1

2
λ1fεijkεxyχiΣjxΣkyu′

3 + λ2f t̃t̃′ + h.c. . (21)

The first term in this Yukawa Lagrangian preserves the SU(3)1 global symmetry and
breaks the SU(3)2 global symmetry, while the mass term of the vector-like quarks
preserves the SU(3)2 and breaks SU(3)1. Due to the SU(3)1 global symmetry, the

WL WH

g2 -g2

Fig. 1. The cancellation of the quadratic contributions to Higgs mass square at one loop in the
gauge sector.

Georgi,
Arkani-Hammed, et.al.
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m2 ∼ g4

16π2
f2 , λ ∼ g4

16π2
⇒ v2 ∼ m2

λ
∼ f2

δm2 ∼ − 3λ2
t

16π2
M2

T



Deconstruction of Gauge-Higgs Model

SO(5)× U(1)X

SU(2)L × U(1)Y
UV Brane IR Brane

Bulk
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W Z γ

4D gauge bosons and Higgs

Φ =
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�

4D Higgs doublet
Y. Hosotani,  Kobe Workshop, 6 January 2011,  - 4φ1
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SO(5) → SO(4) � SU(2)L × SU(2)R

Aµ ∼









W Z γ

4D gauge bosons and Higgs

Φ =
�
φ1 + iφ2

φ4 − iφ3

�

4D Higgs doublet
Y. Hosotani,  Kobe Workshop, 6 January 2011,  - 4

Boundary Conditions

SU(2)L × U(1)Y

Fully Radiative 
Symmetry Breaking

U(1)em

!
"

!!

Latticize Fifth Dimension

Ay → Ay + ∂y�

Deconstruction

W,Z, γ

Π =





�
H

H̃

�

�
H

†
H̃

† �





h → h+ a
5-th Gauge transformation Goldstone Shift transformation

A new 4D Little Higgs model with fully radiative symmetry breaking!

Agashe, 
Contino, 
Pomaro

Medina, 
Shah, 

Wagner

...
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AdS/CFT

SU(2)L × SU(2)R × U(1)X

L =
�

j

f2
j

4
Tr[(DµΣj)

†DµΣj ]

Σ1 Σj ΣN

Σj = eiΠ/fj



A Little Higgs Model

SU(2)1LSU(2)0L

SU(2)1RU(1)0R

Σ

Focus on minimal deconstructed model:

SO(5)0 SO(5)1

Global symmetry:

SO(5)0 × SO(5)1 → SO(5)

Gauge symmetry:

[SU(2)× U(1)]0 × [SU(2)× SU(2)]1

→ SU(2)L × U(1)Y
Related Models: 

Custodial Minimal Moose (Chang, Wacker)
Gauge sector (Barbieri et.al.)Unfolded Moose 

at low energy

SU(2)1LSU(2)0L

SU(2)1RU(1)0R

f cos(
v

f
)

f cos(
v

f
)

f sin(
v

f
)f sin(

v

f
) If g 0L = g 0R = 0 or g 1L = g 1R = 0( Moose links 

disappear), Higgs is a Goldstone Boson.  

Collective Symmetry Breaking:

Quadratic divergence vanish at one loop.
5
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Heavy Gauge BosonsHeavy Gauge Bosons
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1R

2
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f =1 TeV

Higgs boson is only light scalar.  All other GB’s from ! are eaten.

(Also SM W and Z)
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Figure 2: (a) SU(2)3 × U(1) moose, with equivalent gauge masses and mixings as our model.
Here, s2 = a and c2 = 1− a. (b) Linear SU(2)3 ×U(1) moose, such as the 4-site Higgsless model.

Throughout this paper, we shall use the parameter a as a small expansion parameter for

comparison with the standard model. It is interesting to note that this is the same mass

Lagrangian that is obtained from the SU(2)3 × U(1) moose shown in Fig. 2(a) (although

without the extra triplet of uneaten goldstone bosons). Thus, the gauge boson spectrum

and phenomenology will be distinct from other SU(2)3×U(1) extended gauge group models,

such as the 4-site Higgsless model [] or the severe deconstruction of Randall-Sundrum

Warped extra-dimensional model [], or other models that break via the linear moose shown

in Fig. 2(b).

The gauge boson masses and mixings were obtained in Ref. [24]. Expressed as a power

series in a ≈ v2/(4f2), we obtained two heavy gauge triplets with masses:

M2
WL

= 1
2

(

g2
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)

f2 + · · ·
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= 1
2

(

g2
0R + g2

1R

)

f2 + · · · ,

where the corrections are O(a). The WL and ZL gauge bosons are very degenerate, since

the mass splitting between these two states only arises at O(a2). The splitting between

WR and ZR depends strongly on the ratio of g0R/g1R. The light standard model Z and W

bosons obtain masses

M2
W = g2

Lf2a + · · ·
M2

Z =
(

g2
L + g2

R

)

f2a + · · · , (2.8)

where the corrections are O(a2), and we have defined the couplings gL and gR by

1
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L

=
1

g2
0L

+
1

g2
1L

1

g2
R

=
1

g2
0R

+
1

g2
1R

. (2.9)
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Higgs boson is the only scalar. All other Goldstone bosons are eaten by gauge bosons. 

2 2

1 2

fc

fc

2 2

1 2

f
1

f
3

f
2

fs

fs

(a) (b)

Figure 2: (a) SU(2)3 × U(1) moose, with equivalent gauge masses and mixings as our model.
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g21L = g21R = 6, f = 1 TeV
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Figure 2: (a) SU(2)3 × U(1) moose, with equivalent gauge masses and mixings as our model.
Here, s2 = a and c2 = 1− a. (b) Linear SU(2)3 ×U(1) moose, such as the 4-site Higgsless model.
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Higgs Potential

• Higgs potential is generated at loop level:

V(H) = loop + + ...0 + loop

Tree level

g02 g12 g0 g1

No Quadratic div.
CSB Only Log div.

From Moose links

+ +m2 =

• Gauge Boson Contribution

f cos(
v

f
)

g0 g1 f2

0.5 1.0 1.5 2.0 2.5 3.0

!0.185

!0.180

!0.175

No spontaneous symmetry breaking!

Positive Loop Corrections to Higgs mass

7

� 3g20Lg
2
1Lf

2 lnΛ2 + g20Rg
2
1Rf

2 lnΛ2



Fermions and Custodial Symmetry

• Custodial symmetry SU(2)L × SU(2)R × U(1)X

qL =

�
tL
bL

�
∼ (2, 2)2/3, tR ∼ (1, 1)2/3 or (1, 3)2/3 bR ∼ (1, 1)−1/3 or (1, 3)−1/3

Avoid large corrections to T parameter, ZbLb̄L corrections, and δgRb.

• Embed into SO(5) Basis:

Agashe, et. al.
Carena, et. al.

Chivukula, et.al.

5A =

�
( 12 ,

1
2 )2/3 tL(

1
2 ,−

1
2 )2/3

(− 1
2 ,

1
2 )2/3 bL(− 1

2 ,−
1
2 )2/3

�
⊕ (0, 0)2/3

5B =

�
( 12 ,

1
2 )2/3 ( 12 ,−

1
2 )2/3

(− 1
2 ,

1
2 )2/3 (− 1

2 ,−
1
2 )2/3

�
⊕ tR(0, 0)2/3

10C = (3, 1)⊕ bR(1, 3)⊕ (2, 2)

Carena, Ponton, Santiago, Wagner

Gauge Transformations under SU(2)0L × U(1)0R only.

• Gauge Interaction of fermions

Third generation Assignment:

8



Fermions and CSB

• Fermion mass terms:

Collective Symmetry Breaking (CSB)

ψA
L =





Qu
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χy
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u
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0
0
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u





B

R

ψB
L =





Qu

Qd

χy

χu

0





B

L

• Fermion Contents:

Break SO(5)0
Preserve SO(5)1

Break SO(5)1
Preserve SO(5)0

Under SO(5)0, ψA,B → U0ψA,B (explicitly broken by missing partners)

E =





0
0
0
0
1
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Lmass = −λAf ψ̄
AψA − λBf ψ̄

BψB−λ1f ψ̄
A
LΣEE†Σ†ψB

R + h.c.

Under SO(5)1, Σ†ψA
L → U1Σ†ψA

L , Σ
†ψB

R → U1Σ†ψB
R

(explicitly broken by spurion field E†Σ†ψA(B)
L(R) )



Heavy Fermions
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Heavy Fermions

where we have used the O(4)-invariant vector,

E =
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. (2.20)

As explained in Ref. [24], these Yukawa terms, along with the Dirac masses of Eq. (2.17),

maintain the collective symmetry breaking necessary for the Little Higgs mechanism. For

λ(1,2) ! λ(A,B,C), they give masses to the light standard model fields of

Mu ≈ λ1v/
√

2

Md ≈ λ2v/
√

2 , (2.21)

while the heavy fermions get only small shifts from their masses of MA, MB , MC .

The only quark for which the approximation λ1 ! λ(A,B,C) does not hold is the top

quark. Keeping λ1 for the top quark sector of the same order as λ(A,B,C) we find that the

charge +2/3 fermions of ψC and one linear combination of each of the charge +2/3 fermions

of ψA and ψB have mass eigenvalues unaffected by the Yukawa term. The remaining three

linear combinations mix due to the Yukawa term and have masses

M2
t = 2λ2

t f
2a + · · ·

M2
TA

=
(

λ2
A + λ2

1

)

f2 + · · · (2.22)

M2
TB

= λ2
Bf2 + · · · ,

where the corrections to M2
t are O(a2), the corrections to M2

TA,B
are O(a) and we have

defined
1

λ2
t

=
1

λ2
1

+
1

λ2
A

. (2.23)

We see that even for λ1 not small, the top quark mass is down by a factor of v/f compared

to the heavy quarks. More detailed expressions for the masses and mixings of the third

generation charge +2/3 fermions are given in the Ref. [24]. (A point of warning: Our

definition of the parameter s differs from that used in Ref. [24].)

As discussed in Ref. [24], at the lowest order in the effective action, there are also

fermion operators that correspond to renormalization of the broken currents of the complete

SO(5) multiplets:

∆LDirac = iκAψ̄A
L

(

ΣD/ Σ†
)

ψA
L + iκBψ̄B

R

(

ΣD/ Σ†
)

ψB
R

+ iκC1 tr
[

ψ̄C
R

(

ΣD/ Σ†
)

ψC
R

]

+ iκC2 tr
[

ψ̄C
RγµψC

R (DµΣ)Σ†
]

. (2.24)

If we assume that all of the fermions act as fundamental point particles, charged only

under the SU(2)0L × U(1)0R gauge symmetry, then the κi coefficients would arise only

perturbatively through loop diagrams, and we can assume them to be small. In addition,
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λA = λ1 =
√
2λt

λB = 0.981λt

f = 1 TeV

10

ψA ∼ (χu, u)A → (TA,KA)

ψB ∼ (Qu,χu)B → (TB ,KB)

Two heavy up-type quarks which mixed with the top quark contribute to the Higgs 
potential.  

All other heavy vector-like fermions are not relevant to radiative symmetry breaking. 



Higgs Potential

λA

λ1 λ1

λA

m2   = + λ1 λ1

λB λB

λ1
λ1

+

λA λA

• Fermion Contribution

� λ2
1f

4λ
2
A

2
lnΛ2 + λ2

1f
4λ2

B lnΛ2−λ2
1f

4λ2
A lnΛ2

This minus sign causes vacuum misalignment and triggers EWSB!

0.5 1.0 1.5 2.0 2.5 3.0

1.228

1.230

1.232

1.234

1.236

A light Higgs boson mass can be generated 
naturally through the cancellations on m2 
by two heavy fermion contributions (from 
5A and 5B). 

If we turn off        , the Higgs mass recovers 
the results in littlest Higgs model.

λB

11

uAQuB , χuBχuA



0.246

VCW

VCW

v/f
v/f

• The full Coleman-Weinberg Potential is

mH=133 GeV

Full Higgs Potential

Calculate the one-loop Higgs potential by summing the log terms up to all external legs:

V(H) = loop + + ...0 + loop

Tree level

12

+ loop + loop

v ∼ m/
√
λ



Light Higgs BosonHiggs Boson Mass

! 

f =10 TeV! 

g
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= g

1R

2
= 0.5, 2", 4"

! 

f =1 TeV

•  Higgs boson is typically light.

•  Mass insensitive to gauge couplings.
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Sensitivity to UV Physics
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Why is Higgs mass solution typically light?
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Higgs boson is typically light. 

bottom quark mass, while the heavy states in the ψC multiplet do not mix in this limit.

Finally, we must include a cutoff Λ for our theory. Using naive dimensional analysis, we

choose this to be proportional to the symmetry-breaking scale f by Λ = 4πf .

The seven parameters listed above are not entirely unconstrained, since we must recover

the standard model at low energies. In particular we must recover the electroweak gauge

couplings g ≡ gL and g′ ≡ gR, the top Yukawa coupling λt ≡
√
2Mt/v, and the Higgs

vacuum expectation value v. This results in four constraints on the above parameters.

Three of these relations have been given previously in Eqs. (2.17) and Eq. (3.15). Using

Eqs. (2.17), it is possible to treat g1 as independent, while fixing g0L and g0R by the

relations

1

g20L
=

1

g2L
−

1

g21
1

g20R
=

1

g2R
−

1

g21
. (4.1)

Note that these equations imply that g1 > gL,R. We impose Eq. (3.15) by defining a mixing

angle in the top sector,

sin θt =
λ1

√

λ2
1 + λ2

A

, (4.2)

so that the top mass parameters are given in terms of θt by λA = λt/ sin θt and λ1 =

λt/ cos θt. The fourth constraint is that the minimum of the effective potential for the

Higgs doublet is at 〈|H|〉 = v/
√
2. In the following, we find it convenient to choose the set

{f, g1, sin θt} as our free parameters, while varying λB to minimize the effective potential

at the correct value of v.

The gauge and fermion contributions to the Higgs potential are generated at the one-

loop level and can be expressed by the formulae of Coleman and Weinberg [38]. Because

of the collective symmetry breaking, there are no quadratic divergences at this order;

however, there are logarithmic divergences, which must be cutoff at the scale Λ = 4πf .

The Coleman-Weinberg potential for our model can be written

V = Vgauge + Vfermion , (4.3)

where

Vgauge =
3

64π2

{

2 Tr

[

M4
CC(Σ)ln

(

M2
CC(Σ)

Λ2

)]

+Tr

[

M4
NC(Σ)ln

(

M2
NC(Σ)

Λ2

)]}

,

Vfermion = −
3

16π2
Tr

[

(

M†Mtop(Σ)
)2

ln

(

M†Mtop(Σ)

Λ2

)]

, (4.4)

where M2
CC , M2

NC , and Mtop are given in the appendices in Eq. (B.3), Eq. (B.9), and

Eq. (C.5), respectively. In general, the logarithm of the cutoff, lnΛ2, may be accompanied

by a scheme-dependent additive constant, which can only be determined within the high-

energy completed theory. In this paper, we will set these to zero.

We are now ready to explore the parameter space of the Coleman-Weinberg potential.

Using the masses MW , MZ , Mt and the Fermi constant GF as inputs, we impose the

– 13 –
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λ and v are correlated each other.

Value of λ is constraint by correct v.

Higgs mass is insensitive 
to gauge couplings



Electroweak Precision Tests

• Bounds on universal electroweak parameters

• The model parameters:

for the coupling of the light standard model fermions to the standard model Z and W±

bosons, these operators have an additional suppression of a. Thus, we will ignore these

operators for the first two generations of fermions. However, it is possible that these

coefficients may be larger for the third generation of fermions, so we will consider their

effects on the standard model currents of the top and bottom quarks.

3. Tree Level Contributions to Precision Electroweak Observables

In our model, there are contributions to precision electroweak observables at tree level, due

to the fact that standard model Z and W± gauge bosons mix with the heavy gauge bosons.

If we let κA = κB = κC1 = κC2 = 0, then the standard model light fermions couple directly

only to the SU(2)0L × U(1)0R gauge fields, and the corrections to low-energy observables

occur only through electroweak gauge current correlators, and are thus “universal” in the

sense of Barbieri et al. [40].

In Ref. [24], we analyzed these tree-level contributions to electroweak precision con-

straints, but only put bounds on the parameters under the assumption g1L = g1R. In this

section we extend the analysis of the parameter space to include g1L "= g1R.

3.1 “Universal” Corrections

If κA = κB = κC1 = κC2 = 0, the electroweak gauge current correlators can be easily

computed from the quadratic Lagrangian by inverting the subset of the propagator matrix

involving the site-0 fields only. This leads to the following expressions for the electroweak

parameters [40], to leading order in a:

∆Ŝtree = a

(

g2
L

g2
1L

+
g2
L

g2
1R

)

(3.1)

∆T̂tree = 0 (3.2)

∆Ytree = a

(

2g2
Lg2

R

g4
1R

)

(3.3)

∆Wtree = a

(

2g4
L

g4
1L

)

. (3.4)

To the order in a that we are working in these equations, the couplings gL ≡ g and gR ≡ g′

are the standard model weak and hypercharge couplings, so that the electroweak observ-

ables depend only on three model parameters: {f, g1L, g1R}. Notice that the corrections to

the electroweak observables are not oblique, since nonzero values for Y and W signal the

presence of direct corrections, corresponding to four-fermion operator exchanges at zero

momentum [40, 41]. Notice also that the custodial symmetry of the model ensures that

T̂ = 0 at tree-level.

Re-write for g1L "= g1R.

The global fit in Ref. [40] to the experimental data implies that a heavy Higgs boson

is only compatible with positive T̂ ; therefore, we only consider the “small-MH” branch of

solutions. The combined experimental constraints on Ŝ, Y , and W , taken from Ref. [40]

– 8 –

gR = g�, a � v2/4f2
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One loop corrections to the S, T 
parameters and Z-b-bbar couplings 
are also calculated to further put 
bounds on top sectors.

0 1 2 3 4 5
0

1

2

3

4

f !TeV"

g 1

Figure 10: Bounds on g1 and f from combined experimental constraints on Ŝ, Y , and W , at the
95% confidence level.

experimental constraints on Ŝ, Y , and W , taken from Ref. [39] with the light Higgs fit, give

the bounds of Fig. 10, where the colored area is excluded at the 95% confidence level. The

representative values used in the plots in the previous sections, f = 1 TeV and g21 = 6, are

within the allowed region. The bounds in Fig. 10 are not expected to be strongly affected

by loop corrections; however, there may be constraints on the heavy top quark sector

coming from one loop contributions to the T̂ parameter. An analysis of these contributions

is currently underway [36].

Finally, we must comment on the fact that the couplings of the standard model fermions

to the gauge boson eigenstates, given in Eqs. (3.8) and (3.9), are not unique, in the sense

that one can always add operators that correspond to renormalizations of the broken cur-

rents:

∆LDirac = iκAψ̄
A
L

(

ΣD/Σ†
)

ψA
L + iκBψ̄

B
R

(

ΣD/Σ†
)

ψB
R

+ iκC1 tr
[

ψ̄C
R

(

ΣD/Σ†
)

ψC
R

]

+ iκC2 tr
[

ψ̄C
Rγ

µψC
R (DµΣ)Σ

†
]

. (5.6)

In the main discussion we have assumed that all of the fermions act as fundamental point

particles, charged only under the SU(2)0L × U(1)0R gauge symmetry. In that case, the

κi coefficients would arise only perturbatively through loop diagrams, and we can assume

them to be small. On the other hand, it is possible to imagine a more general scenario

where these coefficients are of order one. In fact, in the deconstruction of the gauge-Higgs

model of Ref. [30] the fundamental fields that naturally appear are actually ψA′
L = Σ†ψA

L ,

ψB′
R = Σ†ψB

R , and ψC′
R = Σ†ψC

RΣ, which are charged under the SU(2)1L × SU(1)1R gauge

– 20 –

g1L = g1R = g1

gauge sector: gL, gR, g1L, g1R top sector: λt, sin θt,λB , scale: f, v

Barbieri, et.al.

custodial symmetry
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Summary

Custodial Little Higgs Model

5D Gauge-Higgs Model

UV completionDeconstruction

AdS/CFT: 
5th Gauge Boson(zero mode) <> PG Boson

 (Collective Symmetry Breaking)

The only scalar: Higgs boson

New fermions: two heavy Tops

Two heavy top quarks to have fully radiative 
symmetry breaking naturally.

Z-b-bbar are protected by custodial symmetry.

The Higgs boson masses are typically light. 

Parameter Constraints from EWPTs 
and Higgs mass exclusion limits

SU(2)1LSU(2)0L

SU(2)1RU(1)0R

SO(5)0 SO(5)1



The END

Thank You

16



17

Backup Slides



18

Moose Diagram and Mass Matrices 

SU(2)1LSU(2)0L

SU(2)1RU(1)0R

f cos(
v

f
)

f cos(
v

f
)

f sin(
v

f
)f sin(

v

f
)

For a = 0 this mass matrix can be diagonalized in terms of the mixing angle φL, given by

sinφL =
g0L

√

g20L + g21L

,

cosφL =
g1L

√

g20L + g21L

. (B.4)

Recalling the coupling gL, defined in Eq. (2.17), this implies

gL = g0L cosφL = g1L sinφL . (B.5)

For nonzero vacuum expectation value we can solve perturbatively in the small pa-

rameter,

a = sin2
(

|H|√
2f

)

=
|H|2

2f2
−

|H|4

12f4
+ · · · , (B.6)

There will be one light eigenstate, W±µ, which we will identify as the standard model W±,

and two heavy eigenstates, W±µ
L and W±µ

R . To O(a2), the masses are

M2
W ≈

f2

2

[

2ag2L − a2g2L
(

cos2 2φL + 1
)]

M2
WL

≈
f2

2

[

(g20L + g21L)− 2ag2L + a2
(

g2L cos2 2φL +
g20Lg

2
1R sin2 φL

g20L + g21L − g21R

)]

M2
WR

≈
f2

2

[

g21R + a2
(

g2L −
g20Lg

2
1R sin2 φL

g20L + g21L − g21R

)]

. (B.7)

Expanding the gauge eigenstates in terms of the mass eigenstates, to O(a), we obtain

W±µ
0L ≈ W±µ

(

cosφL +
a

4
sin 4φL sinφL

)

+W±µ
L

(

− sinφL +
a

4
sin 4φL cosφL

)

+W±µ
R

(

−a
gL
g1R

cosφL + a
g0Lg1R sin2 φL

g20L + g21L − g21R

)

W±µ
1L ≈ W±µ

(

sinφL −
a

4
sin 4φL cosφL

)

+W±µ
L

(

cosφL +
a

4
sin 4φL sinφL

)

+W±µ
R

(

−a
gL
g1R

sinφL − a
g0Lg1R sinφL cosφL

g20L + g21L − g21R

)

(B.8)

W±µ
1R ≈ W±µ

(

a
gL
g1R

)

+W±µ
L

(

a
g0Lg1R sinφL

g20L + g21L − g21R

)

+W±µ
R .

B.2 The Neutral Sector

The mass matrix for the neutral gauge fields takes the form:

M2
NC =

f2

2











g20L −(1− a)g0Lg1L −ag0Lg1R 0

−(1− a)g0Lg1L g21L 0 −ag1Lg0R
−ag0Lg1R 0 g21R −(1− a)g1Rg0R

0 −ag1Lg0R −(1− a)g1Rg0R g20R











.

(B.9)
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For a = 0 this mass matrix can be diagonalized in terms of the mixing angle φL, given by

sinφL =
g0L

√

g20L + g21L

,

cosφL =
g1L

√

g20L + g21L

. (B.4)

Recalling the coupling gL, defined in Eq. (2.17), this implies

gL = g0L cosφL = g1L sinφL . (B.5)

For nonzero vacuum expectation value we can solve perturbatively in the small pa-

rameter,

a = sin2
(

|H|√
2f

)

=
|H|2

2f2
−

|H|4

12f4
+ · · · , (B.6)

There will be one light eigenstate, W±µ, which we will identify as the standard model W±,

and two heavy eigenstates, W±µ
L and W±µ

R . To O(a2), the masses are

M2
W ≈

f2

2

[

2ag2L − a2g2L
(

cos2 2φL + 1
)]

M2
WL

≈
f2

2

[

(g20L + g21L)− 2ag2L + a2
(

g2L cos2 2φL +
g20Lg

2
1R sin2 φL

g20L + g21L − g21R

)]

M2
WR

≈
f2

2

[

g21R + a2
(

g2L −
g20Lg

2
1R sin2 φL

g20L + g21L − g21R

)]

. (B.7)

Expanding the gauge eigenstates in terms of the mass eigenstates, to O(a), we obtain

W±µ
0L ≈ W±µ

(

cosφL +
a

4
sin 4φL sinφL

)

+W±µ
L

(

− sinφL +
a

4
sin 4φL cosφL

)

+W±µ
R

(

−a
gL
g1R

cosφL + a
g0Lg1R sin2 φL

g20L + g21L − g21R

)

W±µ
1L ≈ W±µ

(

sinφL −
a

4
sin 4φL cosφL

)

+W±µ
L

(

cosφL +
a

4
sin 4φL sinφL

)

+W±µ
R

(

−a
gL
g1R

sinφL − a
g0Lg1R sinφL cosφL

g20L + g21L − g21R

)

(B.8)

W±µ
1R ≈ W±µ

(

a
gL
g1R

)

+W±µ
L

(

a
g0Lg1R sinφL

g20L + g21L − g21R

)

+W±µ
R .

B.2 The Neutral Sector

The mass matrix for the neutral gauge fields takes the form:

M2
NC =

f2

2











g20L −(1− a)g0Lg1L −ag0Lg1R 0

−(1− a)g0Lg1L g21L 0 −ag1Lg0R
−ag0Lg1R 0 g21R −(1− a)g1Rg0R

0 −ag1Lg0R −(1− a)g1Rg0R g20R











.

(B.9)
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Electroweak Constraints (Loop Level)

0.0 0.2 0.4 0.6 0.8 1.0
0.00000

0.00005

0.00010

0.00015

0.00020

sin2Θ t

S"

Figure 5: The heavy fermion contribution to Ŝ as a function of sin2 θt. The three curves from top
to bottom correspond to λB = λA/2, λB = λA/

√
2, and λB =

√
2λA

F2(m1,m2) =

[

1

x2
− 1

]

ln
m2

1

m2
2

−
2

x
(4.6)

F3(m1,m2) =

[

3

2x5
+

6

x2
+

9

2x

]

ln
m2

1

m2
2

−
3

x4
−

1

x2
−

12

x
,

with x = (m2
1 − m2

2)/(m
2
1 + m2

2). In Fig. 5 we plot the heavy fermion contribution to Ŝ as

a function of sin2 θt for several choices of λB .

We have not computed corrections to Y and W at one loop. These parameters arise

at higher order in the momentum expansion; therefore, we expect their loop corrections

beyond the standard model contribution to be even smaller than those of Ŝ, which we have

found to be negligible.

4.2 Tree Level Corrections to Top and Bottom Couplings to SM Gauge Bosons

The top and bottom quark couplings to the W± and Z bosons have corrections of O(a),

relative to that of the light standard model fermions, due to mixing with the heavy fermions

in our model. Since the couplings in the top quark sector are large, we also consider the

possibility that the operators corresponding to renormalization of the broken currents can

be non-neglible for the third generation.

For the correction to the top-bottom charged current, relative to that for the light

quarks, we obtain

∆LCC =
1√
2
t̄LγµbL

{

−a

[

λ4
t

λ4
A

g0LW+µ
0L + κA

(

1 − 2
λ2

t

λ2
A

)

g1LW+µ
1L − κAg1RW+µ

1R

]

+κA

(

g1LW+µ
1L − g0LW+µ

0L

)}

+ h.c. , (4.7)
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Figure 4: The heavy fermion contribution to T̂ as a function of sin2 θt.

The last mass eigenstate, of course, corresponds to the SM top quark, which has a correction

of O(a2). The masses M2
TA

andM2
TB

have corrections of O(a), while the masses MA and

MB are exact and independent of a.

Recalling the definition of the coupling λt in terms of λA and λ1,

1

λ2
t

=
1

λ2
1

+
1

λ2
A

, (4.3)

allows us to define a mixing angle in the top sector,

sin θt =
λ1

√

λ2
1 + λ2

A

, (4.4)

so that the top mass parameters are given in terms of θt by λA = λt/ sin θt and λ1 =

λt/ cos θt. In Fig. 4 we plot the heavy fermion contribution to T̂ as a function of sin2 θt.

For the Ŝ parameter we obtain

∆Ŝloop = aNC
g2
L

(4π)2

{

1

9

λ2
t

λ2
A

(

−4 ln
M2

A

M2
t

+ 1

)

+
1

9

λ4
t

λ4
A

(

2 ln
M2

TA

M2
t

− 5

)

(4.5)

+
1

9

(

2 −
λ2

t

λ2
A

)

F1(MTA
,MA) +

λ2
A

λ2
1

F2(MTA
,MA)

+
1

9

λ2
1

λ2
1 + λ2

A + λ2
B

F3(MTA
,MB)

}

,

where we have defined the functions

F1(m1,m2) =

[

−
3

2x3
+

9

2x
+ 7

]

ln
m2

1

m2
2

+
3

x2
− 5
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fermion loop contributions to S and T (bounds on parameters in the fermion sector)

borne out in the perturbative calculation in the next section. Finally, we note that the

coefficient κB does not come into play for the corrections to the currents involving the

standard model fermions.

We shall postpone the discussion of the phenomenological constraints on the b̄bZ vertex

until the next section, where we perform the corrections to this vertex at one loop.

4.3 Loop Corrections to the b̄bZ Vertex

The one-loop correction to the b̄bZ vertex in the gaugeless limit is

∆L1−loop
bbNC = 1

2 b̄LγµbL

[(

g0LW 3µ
0Lµ − g0RBµ

0R

)

ε1 (4.12)

+
(

g0LW 3µ
0Lµ − g1LW 3µ

1Lµ + g0RBµ
0R − g1RW 3µ

1R

)

ε2

]

,

where

ε1 =
λ2

t

(4π)2
−

4λ2
t

(4π)2
a

[

1 +
1

2

λ2
t

λ2
A

− 2
λ4

t

λ2
1λ

2
A

+

(

λ4
t

λ2
1λ

2
A

−
3

4

λ2
t

λ2
A

)

ln
m2

TA

m2
t

]

,

and

ε2 =
λ2

1

4(4π)2

(

1

ε
− γ +

3

2
− ln

m2
TA

4πµ2

)

+
λ2

t

4(4π)2
ln

m2
TA

m2
t

. (4.13)

Here we have only kept the corrections to ε2 to O(a0), since the combination of gauge fields

that it couples to contains the Z-boson only at O(a). Note that ε1 agrees with the standard

model result up to corrections of O(a). Subtracting off the standard model result, and using

the MS-scheme at one-loop to define the coefficient κ̂A = κA + λ2
1

4(4π)2
(

1
ε − γ + ln 4π

)

, we

obtain the final result for the b̄bZ vertex:

∆Lrenorm
bbNC = 1

2 b̄LγµbL

[(

g0LW 3µ
0Lµ − g0RBµ

0R

)

aε̂1 (4.14)

+
(

g0LW 3µ
0Lµ − g1LW 3µ

1Lµ + g0RBµ
0R − g1RW 3µ

1R

)

ε̂2

]

,

with

aε̂1 = ε1 −
2
√

2GF m2
t

(4π)2

= ε1 −
λ2

t

(4π)2

[

1 + 4a

(

−
λ2

t

λ2
1

+
1

2

λ4
t

λ2
Aλ2

1

)]

, (4.15)

so

ε̂1 = −
4λ2

t

(4π)2

[

1 −
1

2

λ2
t

λ2
A

−
3

2

λ4
t

λ2
1λ

2
A

+

(

λ4
t

λ2
1λ

2
A

−
3

4

λ2
t

λ2
A

)

ln
m2

TA

m2
t

]

, (4.16)

and

ε̂2 = κ̂A +
λ2

1

4(4π)2

(

3

2
− ln

m2
TA

µ2

)

+
λ2

t

4(4π)2
ln

m2
TA

m2
t

. (4.17)

Expanding the gauge bosons in terms of the mass eigenstates, we find the correction

to the b̄bZ current at O(a) to be

∆Lrenorm
bbZ =

e

sin 2θ
b̄LγµbLZµ a

[

ε̂1 +

(

g2
L

g2
0L

−
g2
L

g2
1L

−
g2
R

g2
0R

+
g2
R

g2
1R

)

ε̂2

]

. (4.18)
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borne out in the perturbative calculation in the next section. Finally, we note that the

coefficient κB does not come into play for the corrections to the currents involving the

standard model fermions.

We shall postpone the discussion of the phenomenological constraints on the b̄bZ vertex

until the next section, where we perform the corrections to this vertex at one loop.

4.3 Loop Corrections to the b̄bZ Vertex

The one-loop correction to the b̄bZ vertex in the gaugeless limit is

∆L1−loop
bbNC = 1

2 b̄LγµbL

[(

g0LW 3µ
0Lµ − g0RBµ

0R

)

ε1 (4.12)

+
(

g0LW 3µ
0Lµ − g1LW 3µ

1Lµ + g0RBµ
0R − g1RW 3µ

1R

)

ε2

]

,

where

ε1 =
λ2

t

(4π)2
−

4λ2
t

(4π)2
a

[

1 +
1

2

λ2
t

λ2
A

− 2
λ4

t

λ2
1λ

2
A

+

(

λ4
t

λ2
1λ

2
A

−
3

4

λ2
t

λ2
A

)

ln
m2

TA

m2
t

]

,

and

ε2 =
λ2

1

4(4π)2

(

1

ε
− γ +

3

2
− ln

m2
TA

4πµ2

)

+
λ2

t

4(4π)2
ln

m2
TA

m2
t

. (4.13)

Here we have only kept the corrections to ε2 to O(a0), since the combination of gauge fields

that it couples to contains the Z-boson only at O(a). Note that ε1 agrees with the standard

model result up to corrections of O(a). Subtracting off the standard model result, and using

the MS-scheme at one-loop to define the coefficient κ̂A = κA + λ2
1

4(4π)2
(

1
ε − γ + ln 4π

)

, we

obtain the final result for the b̄bZ vertex:

∆Lrenorm
bbNC = 1

2 b̄LγµbL

[(

g0LW 3µ
0Lµ − g0RBµ

0R

)

aε̂1 (4.14)

+
(

g0LW 3µ
0Lµ − g1LW 3µ

1Lµ + g0RBµ
0R − g1RW 3µ

1R

)

ε̂2

]

,

with

aε̂1 = ε1 −
2
√

2GF m2
t

(4π)2

= ε1 −
λ2

t

(4π)2

[

1 + 4a

(

−
λ2

t

λ2
1

+
1

2

λ4
t

λ2
Aλ2

1

)]

, (4.15)

so

ε̂1 = −
4λ2

t

(4π)2

[

1 −
1

2

λ2
t

λ2
A

−
3

2

λ4
t

λ2
1λ

2
A

+

(

λ4
t

λ2
1λ

2
A

−
3

4

λ2
t

λ2
A

)

ln
m2

TA

m2
t

]

, (4.16)

and

ε̂2 = κ̂A +
λ2

1

4(4π)2

(

3

2
− ln

m2
TA

µ2

)

+
λ2

t

4(4π)2
ln

m2
TA

m2
t

. (4.17)

Expanding the gauge bosons in terms of the mass eigenstates, we find the correction

to the b̄bZ current at O(a) to be

∆Lrenorm
bbZ =

e

sin 2θ
b̄LγµbLZµ a

[

ε̂1 +

(

g2
L

g2
0L

−
g2
L

g2
1L

−
g2
R

g2
0R

+
g2
R

g2
1R

)

ε̂2

]

. (4.18)
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Moose Notation

5D Yang Mills

Equivalent to:

S5dY M = −
1

2

∫

d
4
xdx

5
√

G tr
(

FMNF
MN

)

With warped metric:

ds2 =
(gf)2

4
κ2(y)h2(y)ηµνdxµdxν

− dy2

!
"

!!

Latticize Fifth Dimension

Continuum Limit
g
1

f1 f2

g
N

fN fN+1

g
2

f3

g
0

g
N+1

f and g, !i and hi fixed as N"!

Define  coordinate

Unitary Gauge:  Uj=1

Continuum Limit
g
1

f1 f2

g
N

fN fN+1

g
2

f3

g
0

g
N+1

f and g, !i and hi fixed as N"!

Define  coordinate

Unitary Gauge:  Uj=1

Continuum Limit
g
1

f1 f2

g
N

fN fN+1

g
2

f3

g
0

g
N+1

f and g, !i and hi fixed as N"!

Define  coordinate

Unitary Gauge:  Uj=1

Aside:  Moose notation

Reveals symmetry (breaking) structure at a glance
A familiar example:

Each circle represents a global SU(2) of  which all (solid, left) 
or a U(1) subgroup (dashed, right) is gauged

Low-energy Leff description of  symmetry-breaking sector 

employs non-linear sigma-model fields !
A solid line linking two circles is an [SU(2) x SU(2) / SU(2)] 

non-linear sigma model field; at the scale v this breaks the 
gauged or global symmetries of  the attached circles

Note: ! is a 2x2 matrix field transforming as                     

under the SU(2) groups which it connects.

SU(2)W x U(1)B       U(1)

Example

From Chivukula’s slides


